Background: Diffusion tensor imaging (DTI) is a non-invasive MR modality that provides an evaluation of brain tissue microstructure and architecture in vivo. We aimed to assess the diagnostic value of DTI parameters in evaluating cerebral white matter integrity in patients of severe chronic obstructive pulmonary disease (COPD) and correlate these parameters with smoking index (SI) and the number of exacerbations in the last year. This prospective study included 30 COPD male past smoker patients and 15 age-and sex-matched nonsmoker controls. Staging of COPD, SI and number of exacerbations in the last year were obtained. Routine brain MRI and DTI were done in all subjects. The selected white matter tracts' fractional anisotropy (FA), and mean diffusivity (MD) were calculated in the region of interest in axial slices. Results: The mean FA and MD values of all selected white matter tracts showed a high significant difference (p < 0.001) between patients and control group. The correlation between FA, SI and exacerbation frequency was not significant in the majority of white matter tracts (p > 0.05). The correlation between MD, SI and exacerbation frequency was significant for the majority of tracts (p < 0.05).
Background
Chronic obstructive pulmonary disease (COPD) remains a major cause of morbidity and mortality. It is increasingly recognized to have different systemic effects that extend beyond the lung. Hypoxemia and hypercapnia usually develop as a result of irreversible airflow limitation caused by COPD, which could later on result in a decrease in oxygen transport to the brain. Hypoxia during COPD has been previously established to induce cerebral perfusion decline and metabolic changes. Furthermore, systematic inflammation may also induce neuronal damages in the brain of COPD patients [1] [2] [3] [4] .
Conventional magnetic resonance imaging (MRI) has been used for detection of structural brain changes seen in cerebral small vessel disease which is common in elderly and in those with impaired pulmonary function. It has been found that COPD is linked to cerebral small vessel disease through increased prevalence of white matter lesions, and cerebral microbleeds. Early cerebral microstructural changes at the cellular level still are not within the scope of the conventional MRI spatial resolution [5, 6] .
Diffusion tensor imaging (DTI) is an intrinsically T2-weighted method that provides an evaluation of brain tissue microstructure and architecture in vivo through studying diffusion properties of water molecules within tissues. Moreover, it provides non-invasive quantitative parameters as fractional anisotropy (FA) which captures the directionality of diffusion inside the tissue and mean diffusivity (MD) which reflects the tissue microstructure, correlated with subtle tissue damage that is not detectable in T2 and fluid attenuation inversion recovery (FLAIR) imaging [7] [8] [9] [10] [11] .
In cerebral small vessel disease, there is an affection of microvessels supplying the white matter leading to axon demyelination or degradation that will be captured by DTI metrics in the form of reduced restrictions, increased free diffusion of water and accordingly decreased anisotropy [12] .
Several studies have demonstrated the effect of smoking and nicotine addiction on white matter integrity and revealed decreased FA in the corpus callosum and some other regions [13] [14] [15] [16] .
This work aims to assess the diagnostic value of DTI parameters in evaluating the changes and microstructural abnormalities of white matter tracts in patients of severe chronic obstructive pulmonary disease and correlate these parameters with smoking index and the number of exacerbations in the last year.
Methods
This is a prospective case-control study that was performed after the approval from our institutional review board and informed consents were obtained from all patients before scanning. From January 2017 to February 2018, 30 male past smoker patients diagnosed as severe COPD (aged from 45 years to 70 with a mean age of 59.2 years) were enrolled in our study. Another 15 ageand sex-matched nonsmoker controls referred to the MRI unit for varying different brain investigations were included in the study (aged from 48-68 years with a mean age of 56.3).
The inclusion criteria were patients clinically diagnosed as severe COPD, according to GOLD guidelines 2015 [17] . All patients were past smokers meaning that the patient was a smoker 1 year or more ago, but who has not smoked for at least 1 year; pack-year smoking index was determined by multiplication of the number of cigarette packs a person smokes a day (where a standard pack contains 20 cigarettes) times the number of years the patient smoked [18] . The number of acute exacerbations (i.e. sudden worsening of COPD symptoms as shortness of breath, quantity and colour of sputum that typically last for several days and may be triggered by an infection or by environmental pollutants [19] ) within the last year were obtained. All subjects with a history of associated pulmonary, cerebrovascular, neurological and any other chronic medical disease that may have a cerebral effect were excluded. All subjects underwent routine brain MR imaging and DTI.
MR imaging
MR imaging was performed using a 1.5 Tesla scanner (Ingenia, Philips) with head circular polarization surface coil and obtained parameters include T1 sequence (TR/ TE, 475/15 ms); T2 sequence (TR/TE, 3607/100 ms); matrix size 80 × 80; slice thickness 3 mm; and interslice gap 1.8 mm.
DTI
This consisted of a single-shot echo-planar imaging sequence in an axial plane designed to acquire diffusion data in a total scan duration of about 7-8 min. The included parameters were TR/TE, 2131/86 ms; field of view (FOV) 224 × 156 mm 2 ; data matrix size 64 × 60; slice thickness of 2.5 mm; and interslice gap 2 mm; diffusion gradients were applied along 32 axes, using two diffusion weightings, a b-value of 0 and 1000 s/mm 2 and voxel dimensions (3.5 × 3.71 × 2.5 mm3). Parallel imaging (SENSitivity Encoding [SENSE] reduction factor P 2) was used.
Image analysis
The DTI row data were sent to the workstation (extended MR Workspace 2.6.3.5, Philips medical systems Nederland B.V) supplied by the vendor for further processing. Firstly, automated registration of the DTI data was run to correct eddy current distortions, then a diffusion tensor model was set, following that calculation of each voxel direction and magnitude of diffusion yields fractional anisotropy (FA) and mean diffusivity (MD) images for each subject (Fig. 1 ). In the identification of selected white matter tracts (superior longitudinal fasciculus (SLF), inferior occipitofrontal fasciculus (IOFF), uncinate fasciculus (UF), cingulate gyrus (CG), optic radiation (OR) in each hemisphere, genu of corpus callosum (GCC) and splenium of corpus callosum (SCC)) ( Fig. 2 ) then careful positioning of polygonal region of interest (ROI) with electronic cursor in selected tracts, for each analysed tract, three different ROIs were placed on each tract, and the mean FA and MD values were calculated (Fig. 3 ).
Statistical analysis
Statistical analyses were performed using commercially available Software Package for Social Sciences version 21 (SPSS, Chicago, IL). The normality of data was first tested with Shapiro test. Quantitative data were presented as the mean ± standard deviation (SD). We compared normally distributed FA and MD metrics of selected white matter tracts between the two major groups using the Student t test. Pearson correlation was used to correlate continuous data while sensitivity and specificity, positive predictive value (PPV) and negative predictive value (NPV) at different cutoff points were tested by ROC curve. For all statistical tests done, the threshold of significance is fixed at 5% level (p value). The results were considered significant when the probability of error is less than 5% (p < 0.05) and highly significant when the probability of error is less than 0.1% (p < 0.001). The smaller the p value obtained, the more significant are the result.
Results
The study included 30 past smoker patients with severe COPD and 15 age-and gender-matched nonsmoker controls, no significant difference in age distribution between patients and controls (p = 0.195). Pack-year smoking index ranged from 15 to 70 pack-year, mean 39.23 packs, and included (1-7) acute exacerbations in the last year, mean 3.5.
The mean FA values of selected white matter tracts showed a highly significant difference (p < 0.001) between patients and control group (Table 1) . ROC curve of FA is shown in Fig. 4 . AUC of FA of the cingulate gyrus and optic radiation in patients and controls were the highest 0.912 and 0.897, respectively (Table 2) . Selection of 0.344 and 0.399 as cutoff points of FA to differentiate between the two groups revealed accuracy of 80%, sensitivity of 83.3%, specificity of 73.3%, PPV of 86.2% and NPV of 68.7% for both tracts ( Table 2) .
The mean MD values of selected white matter tracts showed a highly significant difference (p < 0.001 between patients and control group (Table 1) . ROC curve of MD has been shown in (Fig. 4) 
The correlation between the smoking index (SI) and FA values of white matter tracts showed a significant negative correlation with genu and splenium of corpus callosum, r = (− 0.370, − 0.370), p = (0.044, 0.013), respectively. However, a significant positive correlation between SI and MD values was seen in all selected white matter tracts, p < 0.05 (Table 3) .
The correlation between the number of exacerbations and FA values of white matter tracts was not significant, while a significant positive correlation between the number of exacerbations and MD values was seen in the majority of selected white matter tracts, p < 0.05, sparing the optic radiation and genu of corpus callosum (Table 4) .
Discussion
Chronic obstructive pulmonary disease (COPD) increases the risk of neuronal damage and cognitive dysfunction that increases the mortality and morbidity of the disease [11] . Neuronal damage could be due to chronic hypoperfusion, chronic systemic inflammation, 
which is observed with repeated acute exacerbations, or associated comorbidities as vascular disease and smoking [1, 12, 20] . Conventional MRI images helped in the illustration of the diffuse white matter changes associated with COPD. Diffusion-weighted magnetic resonance imaging (DWI or DW-MRI) can give details about tissue architecture, either diseased or normal through detection of water molecule diffusion patterns. Recently, a more advanced type of DWI has been available, which is DTI that played a crucial role in the assessment of the integrity of white matter tracts [21] .
Fractional anisotropy and MD are DTI measures. FA is a measure of tissue integrity while MD is an index for tissue ultrastructure. Thus, FA will decrease, and MD will increase with tissue microstructural damage [22] .
The FA is a mathematical value ranging from "0" to "1" and corresponds to the directionality and anisotropy per voxel; it is higher in more organized, cylindrical anisotropic media like corpus callosum approaching "1," while decreases in less organized and isotropic media as grey matter and approaches "0" in the CSF [23] [24] [25] [26] .
The MD value is an average combination of the three eigenvectors, and it reflects the general diffusivity and the overall water motion without any directionality. It is an index to the amount of water in the extracellular space, so it is increased in vasogenic edema, axonal and myelin loss [9, 22, 24] .
Many studies performed on structural brain damage in COPD patients found a decrease in FA and increase in MD metrics throughout brain regions, mainly in cingulate gyrus, uncinate fasciculus and superior longitudinal fasciculus, which play a major role in cognitive performance [11, 21, 22] . Patients have been found to have abnormalities in cognition and daily activities [27] [28] [29] ; this signifies that impaired brain microstructure and function related to cognition are recognized complications of COPD.
This study investigated the white matter tracts integrity in COPD patients using DTI measures and revealed a highly significant difference between the FA and MD of white matter tracts of patients and the control group (p < 0.001). DTI matrices increased diagnostic performance of MR imaging in assessing the microstructural changes occurring in the cerebral white matter of severely affected COPD patients. The decrease in FA values was not significantly correlated with increased smoking index and increased exacerbation frequency, while MD values increased with increased smoking index and increased number of exacerbations significantly.
In our study, FA values were typically decreased, and the MD values increased in a broad range of white matter regions with a high significant difference in comparison with healthy controls mainly in uncinate fasciculus and cingulate gyrus. Decreased FA is attributed to compromised myelin structure and white matter microstructure damage, while the increase in MD owed to myelin loss, axonal degeneration and increase in the extracellular amount of water leading to increased diffusivity.
In this work, the FA values were decreased with increasing the SI, but without significant difference, and this can suggest that impaired white matter integrity is not depending on smoking only; other factors may have a role. A previous study reported the lack of significance of reduced white matter integrity in relation to smoking [21] .
The correlation between the number of exacerbations and FA values of white matter tracts was not significant; this may suggest the improper self-reported exacerbation frequency [30] .
In this study, MD had a significant positive correlation with SI and the number of exacerbations in the majority of selected white matter tracts. This may be attributed to increased sensitivity to excess extracellular fluid edema and myelin loss. FA is sensitive to the number of the dominant fibre directions, fibre's size and organization of the tissue membranes within each voxel and can be influenced by partial volume effects from neighbouring grey matter, but less specific for the type of microstructure change [10, 31] .
Limitations
There are a few limitations of this study. First, there is a relatively small number of patients, still comparable; further studies upon a large number of patients may alter DTI metrics. Second, further work needs to be done to correlate cerebral integrity metrics with other evaluations of cerebral function related to cognition. Third, this study was done on a 1.5 Tesla scanner; further studies will be done on a higher-tesla scanner with the application of advanced postprocessing of the DTI such as kurtosis imaging. Assessment of changes in cerebral blood flow could be improved by application of multi-parametric imaging with diffusion tensor magnetic resonance imaging, dynamic contrast magnetic resonance imaging and arterial spin labelling at higher 3 Tesla scanners that may help for novel methods of therapy to improve cerebral compensation in these patients [32] .
Conclusion
We concluded that DTI parameters can be used in evaluating the changes and microstructural abnormalities of cerebral white matter in COPD patients and can help in the assessment of the impact of other underlying factors as smoking and exacerbation frequency.
